The CLEO detector is located at the CESR e + e − collider in Ithaca, NY. CLEO's wide range of experimental measurements in b-hadron decays is represented by improved measurements of V cb and V ub , rare B decays, and bb spectroscopy. New experimental results in exclusive hadronic transitions will aid theorists in developing a theory of hadronic B decays. Such a theory will have consequences for the extraction of angles of the unitarity triangle, especially γ. Recently, the CLEO collaboration has shifted its focus towards precision measurements at lower energies. Based on the new Υ(3S) data, we present the observation of a new bound bb state. An outlook on the planned running at τ /charm-energies (CLEO-c) is given and the implications for b-physics are discussed.
Introduction
The advent of high-luminosity B factories and the discovery of time-dependent CP asymmetries in the B-system 1,2 has transformed the whole field of B physics. Precision tests of the standard model open up a window for the discovery of new physics in B decays. This will require a thorough understanding of time-dependent phenomena like mixing, and also time-independent phenomena like branching fractions and particle spectra. Effects like final state interactions, re-scattering and interference between dominant and suppressed decay amplitudes have to be understood. This makes it necessary to study extensively numerous rare and hadronic B decays to gain full understanding of the dynamics.
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The CLEO collaboration has accumulated a large data set of 16 fb Total (Υ(4S)) 16.0 6.7 17.1 Table 1 . Integrated luminosities (on-and off-resonance) and the number of BB pairs.
The CLEO II.5 and III detectors are shown in Figure 1 . The outer detector parts, the CsI calorimeter, superconducting coil, magnet iron and muon chambers are common to all three detector configurations. In the CLEO III upgrade, the CLEO II.5 silicon vertex detector, drift chamber and time-of-flight counters were replaced by a new silicon vertex detector, drift chamber, and a new Ring Imaging Cherenkov detector. Table 1 shows the integrated luminosities obtained with each detector configuration.
The kinematics of the Υ(4S) decay, in which two B mesons with equal masses are produced, allow us to define two sensitive variables: the beam-constrained mass
B and the energy difference ∆E = E B − E beam , where E B and P B are the measured energy and momentum of the B candidate and E beam is the beam energy.
The CLEO collaboration and CESR plan to operate at center-of-mass energies in the τ /charm region. 6 This will expand the scope of our on-going charm physics program and will allow precision tests of perturbative QCD and lattice QCD predictions. I will later explain the impact that these results, taken at lower energy, will have on B physics.
Semi-Leptonic B decays
The partial semileptonic decay width
with the proportional factor γ c being dependent on perturbative and non-perturbative parameters. The precision of the determination of |V cb | is mainly limited by uncertainties on the parameters entering the expression for γ c . Semi-leptonic rates and spectra can be expanded in a power series. To order 1/M 3 B the decay width is
with known functions G 0,1,2,3 and three main perturbative parameters Λ, λ 1 , λ 2 , which are accessible through experimental measurements. The parameter λ 1 is related to the average kinetic energy of the b-quark inside the B meson. The parameter λ 2 is the expectation value of the leading operator that breaks the heavy quark symmetry and can be determined from the B * −B mass splitting. Λ is related to the b-quark pole mass m b .
The dependence on the remaining parameters ρ i , τ j is expected to be relatively weak.
Moments of lepton spectra in semileptonic B decays. CLEO has pioneered measurements of moments of the hadronic mass spectrum in B→X c ℓν decays. 8 Our measurement together with the measurement of moments in b→sγ 9 allowed us to extract the perturbative parameters λ 1 and Λ. A new CLEO result 10 involving moments constitutes an important cross check to our previous analysis. The lepton energy spectrum has been analyzed following a suggestion from M. Gremm, A. Kapustin, Z. Ligeti and M. B. Wise. 11 The two ratios extracted from the data are
The lepton spectrum was truncated to lepton momenta above 1.5 GeV in order to reduce the systematic uncertainty due to secondary leptons from the cascade decays b→c→s.
The spectra for electrons and muons yield consistent results (Fig. 2, left) . The combined electron and muon result is Λ = (0.39 ± 0.03 ± 0.06 ± 0.12) GeV λ 1 = (−0.25 ± 0.02 ± 0.05 ± 0.14) GeV 2 , where the errors are statistical, systematic and theory error, respectively. The fact that the parameters extracted from lepton momentum spectra and hadronic mass moments yield consistent results (as shown in Fig. 2 Fig. 3 (c) . The two B decay modes give results that are consistent with each other. The combined result is
where the systematic error is dominated by the uncertainty on the form factor calculation from lattice QCD, F (1) = 0.92 ± 0.03.
CLEO is the only experiment so far that has measured both the D * + and the D * 0 decay modes. Our combined measurement is slightly higher than LEP and the B factory measurements, employing the same method for D * + only. The consistency of our result with these measurements is at the 5% level 7 (Fig. 3, d ). The total uncertainty on V ub depends on the lepton momentum range chosen. At low lepton momenta the huge background from b→c transitions constitutes a large un-certainty. We chose the region of p ℓ = 2.2 − 2.6 GeV for our central value, which approximately minimizes our total uncertainty. We obtain an inclusive branching fraction B(B→X u ℓν) of (1.77 ± 0.29 ± 0.38) × 10 −3 , where the first error comes from the branching fraction measurement and the second from the extrapolation of the full momentum spectrum. This measurement translates into a value
where the first two errors come from the branching fraction and the third and fourth are theory contributions.
Fig. 4. (a) Lepton spectra for on-resonance data (points) and scaled off-resonance contributions (shaded histo). The open histogram is the total background (off-resonance + background B-decays).
(b) Background-subtracted and efficiency corrected lepton spectrum for B→X u ℓν (points). The histogram is the B→X u ℓν prediction based on the B→X s γ spectrum.
V ub from exclusive decays CLEO has updated the first B→πℓν measurement ( 14 ) with improved statistics and event reconstruction. The larger data sample (CLEO Ii+II.5) allows us to extract signal rates in three independent regions of the momen- The combination of quark mixing matrix results is an on-going project. Common systematic effects and theoretical uncertainties need to be taken into account.
The resulting averages have only slightly smaller total errors than individual measurements, 7 . 17 The high statistics data samples accumulated by the B-factories in the coming years will probably provide new measurements of V cb and V ub using fully reconstructed Υ(4S) events.
18

Rare and Hadronic B decays
The simplest B decay is the external spectator diagram given in Fig. 6 . In hadronic decays the internal spectator diagram is also possible. In the case of B ± decays this diagram can interfere with the external spectator while it leads to unique final states in neutral B meson decays.
Phenomenological parameters a 1 and a 2 are introduced to absorb non-perturbative contributions to the external and internal spectator amplitudes, respectively. While theoretical results show that a 1 is process-independent, 19 and one value is sufficient to describe all decays, the process-independence of a 2 has no theoretical basis and experimental measurements are needed here. 
20
It is thus no surprise that measurements of exclusive hadronic B decays have reached sufficient precision to challenge our understanding of the dynamics in B decays. In analogy to semileptonic decays, two-body hadronic decay amplitudes might be expressed as the product of two independent hadronic currents, one describing the formation of a charm meson and the other the transition of the virtual W − into hadron(s).
Considering the relatively large energy release in B meson decays, the ud pair, which is produced in a color singlet, travels fast enough to leave the interaction region without influencing the second hadron formed from the c quark and the spectator anti-quark. * The branching fraction for B − → φK− might need further study. The Belle and Babar measurements in the PDG 2002 edition are not quite in agreement while the CLEO measurement is consistent with both Belle and Babar.
The assumption that the amplitude can be expressed as the product of two hadronic currents is called "factorization".
5 This argument favors the external spectator diagrams.
The internal spectator decay mode is suppressed compared to external spectator processes, since the color of the quark-pair originating from the W decay must match the color of the other quark pair. In the decays of charm mesons, the effect of colorsuppression is present but final state interactions, or non-factorizable contributions obscure its observation. The factorization is not as clear as in the B meson system, due to the smaller momentum transfer in charm decays. The concept of color suppression is, however, much clearer in the B meson system.
Until recently the B→ charmonium + X transitions were the only identified colorsuppressed B decays. CLEO 21 and Belle 22 have recently observed the color sup-
+0.59
The signal yield is obtained from an unbinned, extended maximum likelihood fit.
The free parameters of the fit are the number of signal events, background from B decays, and from continuum e 
where the errors are statistical, systematic and the error from the uncertainty on the Υ(4S) branching fraction. 26 Because the error distribution of the phase δ I is highly † Babar has also preliminary results for B 0 → D 0 π 0 . B→Kππ CLEO measurement of charm-less hadronic two-body decays have received considerable attention because of their importance for unitarity triangle measurements.
A natural extension of these measurements are three-body modes. These modes might Interference between these amplitudes is neglected and taken into account as a systematic uncertainty.
We derive limits between 19 and 66 ×10 −6 for five decay modes and observe
We perform Dalitz plot fits to search for a substructure and find a contribution from B→K * + (892)π − . Since this mode contributes also to We find signals in modes with 1, 2 and 3 charged pions and we derive an upper limit for the two-body decay into Λ + c p. Our measurements are in good agreement with our old results. 30 We obtain the branching fractions given in Table 2 . The beam-constrained mass of these decay modes is given in Fig. 10 , left side.
We derive only a limit on the simplest two-body decay mode B→Λ + c p. Our limit is in agreement with the recent observation of this mode by Belle. Utilizing CLEO's precise mass and width measurements of these resonances, 32 we are able to estimate the significance of our signals and derive branching fractions for several modes (see Table 2 ).
Again, we have not observed true two-body decay modes (of the form B→Σ c p). decay can proceed via both external and internal spectator diagrams, whereas the Σ 0 c decay can only proceed via an internal spectator diagram. We find the the rate of all three decay modes to be of the same order. This implies that the external W decay diagram does not dominate over the internal spectator, although naively we would expect the latter to be color-suppressed.
The large discrepancy compared to color-suppressed B decays into mesons might be explained by the smaller momentum transfer in baryonic B decays due to the larger mass of the baryon-antibaryon system. A different explanation is given in. 
Υ(3S) Spectroscopy
The spectroscopy of bound bb states is an excellent testing ground for lattice QCD.
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The spin-triplet S-wave states Υ(nS) with J P C = 1 −− are produced in e + e − annihilation. These states can decay radiatively with an electric dipole transition (E1) to the spin-triplet P-wave levels, χ b (nP J ). Subsequent decays can either return to a lower statistics compared to the CLEO-II data set. We analyze the inclusive photon spectrum of well-contained hadronic events on the Υ(3S) resonance. The range of theoretical predictions of the η b (1S)-mass define a search window that corresponds to photon energies between 880 to 1000 MeV. In this energy range the largest background arises from photons from π 0 decay. We reject photons that can be paired with another photon to form a π 0 candidate. The sensitivity of our search can be investigated with a peak in the photon energy spectrum due to χ b (2P J )→γΥ(1S) transitions. This peak is at around 780 MeV -well below our search window. Figure 12 shows the background-subtracted photon spectrum. The peak for χ b (2P J )→γΥ(1S) demonstrates our good sensitivity to photons from radiative transi- ‡ So far only one search for the η b (1S) via exclusive decay modes has been proposed, 37 utilizing the expected branching fraction η b (1S)→J/ΨJ/Ψ of order 7 × 10 −5 − 7 × 10 −3 . This strategy might be applicable at the Tevatron.
tions. We perform a series of fits with a Gaussian signal shape assuming several peak energies, obtaining a maximum signal yield of 698±463 which is only 1.5σ significant.
Since we do not find evidence for a signal, we set upper limits on B(Υ(1S)→η b (1S)γ).
The preliminary B-limits as function of the photon energy E γ are shown in Fig. 12 , right side. We exclude most model predictions 36 with a C.L. of 90% or better. and also updated our previous branching fraction results. In addition these measurements are an important cross-check of multi-photon cascades, the four-photon cascades probably being the most interesting.
Discovery of the Υ(1D).
Recent interest in quarkonium spectroscopy arises from the possibility that our measurements will aid theorists in understanding heavy quarkonium from first principles QCD, given that there is a wide variety of the spin-dependent splittings predicted by several calculations. The discovery of new bb states would pose an important test. One proposed search strategy 40 for the D-wave state is via fourphoton cascades from the Υ(3S) down to the Υ(1S). The signature of four-photon cascades can stem from several different sources.
• Photon cascade via the Υ(2S):
• Hadronic transition
• Photon cascade via the Υ(1D):
The latter source is the signal we are looking for. CLEO has made the first observation of the Υ(1D) with these four-photon cascades. The other two energies depend on the mass of the Υ(1D). Uncertainties in the energy measurements increase the difficulty of finding the correct assignment. For each possible assignment of the four photons to the cascade we define a chi-square
where E γj are the measured photon energies and E We fitted the data to a one-peak and two-peak hypothesis, assuming the background to be flat. The assumption that there is no mass peak around 10160 MeV produces low confidence level (0.04%) and can be ruled out at the 9.7 sigma level. The results of the fits are displayed in Fig. 14 . The two-peak fit gives the best confidence level (58%).
From the change of likelihood between the 2-peak and 0-peak hypothesis we derive a significance of the peak around 10160 MeV of 6.8 standard deviations and the significance of the second peak is about 3 sigma. We therefore claim to see at least one state from the Υ(1D) spin-triplet with sufficient significance. The spin assignment of the state around 10160 MeV is either J=1 or J=2 since J=3 is ruled out due to our low sensitivity for that state. Since the J=2 state is predicted to be produced with 6 times larger rate than the J=1 state, we conclude that the J=2 state is the most likely spin assignment with a mass of m(Υ(1D 2 ) = (10161.2 ± 0.7 stat. ± 1.0 syst.) MeV (preliminary). The inclusively measured product branching fraction 
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These physics topics require an e + e − collider operating on the charmonium states J/Ψ Ψ ′ and Ψ(3770). The Ψ(3770) is the first cc resonance above DD threshold. The final state is rather limited since the resonance is below threshold for DDπ production.
The operation of CLEO-c at this resonance would be analogous to the long and suc- QCD studies with CLEO-c Table 3 shows a summary of the data set size for CLEOc (projected) and for BES. The CLEO-c data sets will be over an order of magnitude larger. In addition, the CLEO detector is more modern and thus superior to the BES II detector. This will allow us to improve on many BES measurements due to better control over systematics. This can be demonstrated in two examples.
(1) Our hermetic detector with very good track reconstruction efficiency will allow us to perform exact Measurements of R, the ratio of the ISR-corrected hadronic cross section to the first-order QED cross section. The average uncertainty on each energy point of 7% (BES) can be improved with CLEO-c to ∼2% in the range √ s = 3 − 5
GeV. Electroweak precision fits will benefit from the improved R result.
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(2) The energy resolution of our CsI calorimeter is up to 20 times better than BES-II, for example 2% at E γ = 700 MeV. This makes measurements of the inclusive photon spectrum in radiative J/Ψand Ψ ′ decays possible. Radiative J/Ψ decays are an excellent search ground for glue-rich QCD exotics. A CLEO-c photon spectrum from J/Ψ→γ +X is shown in Fig. 15 , right side. The spectrum is based on 7×10 7 simulated J/Ψ decays.
Narrow resonances with branching fractions of order 10 −4 can easily be identified in radiative decays. E.g. the peak § from the f J (2220) is clearly visible in Fig. 15 .
Combined with exclusive radiative Ψ ( ′ ) decays, absolute branching fractions of narrow QCD exotics can be measured. These measurements in addition to a full partial wave analysis of exclusive final states will elucidate the nature of QCD exotics in the mass region below 3 GeV. Our search for glue-rich QCD exotics will be complemented by a search for similar final state in radiative Upsilon decays and an anti-search in twophoton events. Table 3 . Comparison of projected CLEO-c data samples with BES-II.
Summary and Conclusions
Since the whole text is a summary of recent CLEO results, another summary is not in order. Many more interesting CLEO results on B physics will come out in the near future. First CLEO-III results from the Υ(4S) can be expected soon. CLEO has successfully finished operation on the Υ(1S − 3S) resonances and is soon exploring the τ -charm region. First, exploratory runs at lower energies yielded encouraging results.
High luminosity runs can be expected as soon as the CESR accelerator upgrade in finished in 2003. 
